The tyrosine phosphatase IA-2 is a molecular target of pancreatic islet autoimmunity in type 1 diabetes. T-cell epitope peptides in autoantigens have potential diagnostic and therapeutic applications, and they may hold clues to environmental agents with similar sequences that could trigger or exacerbate autoimmune disease. We identified 13 epitope peptides in IA-2 by measuring peripheral blood T-cell proliferation to 68 overlapping, synthetic peptides encompassing the intracytoplasmic domain of IA-2 in six at-risk type 1 diabetes relatives selected for HLA susceptibility haplotypes. The dominant epitope, VIVMLTPLVEDGVKQC (aa 805-820), which elicited the highest T-cell responses in all at-risk relatives, has 56% identity and 100% similarity over 9 amino acids (aa) with a sequence in VP7, a major immunogenic protein of human rotavirus. Both peptides bind to HLA-DR4(*0401) and are deduced to present identical aa to the T-cell receptor. The contiguous sequence of VP7 has 75% identity and 92% similarity over 12 aa with a known T-cell epitope in glutamic acid decarboxylase (GAD), another autoantigen in type 1 diabetes. This dominant IA-2 epitope peptide also has 75-45% identity and 88-64% similarity over 8-14 aa to sequences in Dengue, cytomegalovirus, measles, hepatitis C, and canine distemper viruses, and the bacterium Haemophilus influenzae. Three other IA-2 epitope peptides are 71-100% similar over 7-12 aa to herpes, rhino-, hanta-and flaviviruses. Two others are 80-82% similar over 10-11 aa to sequences in milk, wheat, and bean proteins. Further studies should now be carried out to directly test the hypothesis that T-cell activation by rotavirus and possibly other viruses, and dietary proteins, could trigger or exacerbate X3-cell autoimmunity through molecular mimicry with IA-2 and (for rotavirus) GAD.
Introduction
The recently identified pancreatic islet autoantigen in type 1 diabetes, IA-2, is a 106 kD member of the protein tyrosine phosphatase family (1, 2) and an integral membrane protein of neuroendocrine secretory granules (3) . Circulating autoantibodies that recognize predominantly the cy-toplasmic domain of IA-2 can be detected in up to 88% of people with recently diagnosed type 1 diabetes and in about half of islet cell antibody (ICA)-positive, first-degree type 1 diabetes relatives in whom they indicate high risk for clinical disease (4) . The cytoplasmic domain of IA-2 has 80% sequence identity with another tyrosine phosphatase, IAR (5) , also known as IA-2 13 (6) or phogrin (7) , which also reacts with antibodies in type 1 diabetes (8) . T-cell proliferative responses to IA-2 were reported to be increased in at-risk relatives and in people with recently di-agnosed type 1 diabetes (9) . T-cell epitope peptides in autoantigens have potential diagnostic and therapeutic applications and may hold clues to environmental agents that could trigger or exacerbate autoimmune disease. We identified T-cell epitope peptides within the intracytoplasmic domain of IA-2 and examined them for sequence similarities with microorganisms and dietary proteins as a basis for molecular mimicry.
Materials and Methods
Subjects Peripheral blood was obtained from six at-risk, ICA-positive first-degree relatives of people with type 1 diabetes (4 male, 2 female, mean age 28.5 ± 15.0, range 10-50) and two healthy control subjects (2 males, ages 30 and 48). Subjects were selected for type 1 diabetes-associated HLA haplotypes, i.e., DR4-DQ8 homozygous (two atrisk relatives, one control), DR3-DQ2 homozygous (two at-risk relatives, one control), and DR4-DQ8/DR3-DQ2 heterozygous (two at-risk relatives). All relatives had antibodies to IA-2. Within 14 1IUML111 Vl L11V_ ua%_LLAU111 ll ;fU /PftUtalus influenzae. Most of the sequence similarities were in the region of overlap VIVMLTPLVE (aa 805-814) with the preceding epitope peptide (aa 799-814). The rotavirus VP7 protein also had 75% identity and 92% similarity over 12 aa (aa 18-29) (or 75% and 100% over 9 aa) to GAD65 (aa 117-128), and GAD67 (aa 123-134) ( Table 2) .
Peptide aa 685-700 had 56-71% identity and 78-86% similarity to the BTRF1 and BRRF2 proteins of Epstein-Barr virus, and 50% identity and 100% similarity over 10 aa to the genome polyprotein of rhinovirus 14, the common cold virus.
Peptide aa 787-802 had 58% identity and 75% similarity over 12 aa to the M polyprotein precursor of hantavirus, and 71% identity and similarity over 7 aa to sequences within the genome polyprotein of other members of the Flavivirus family, i.e., Japanese encephalitis, Kunjin, West Nile, and Murray Valley encephalitis viruses. Most of the sequence similarities were in the region of overlap DFWQMVWESG (aa 793-802) with the succeeding epitope peptide (aa 793-808).
Peptide aa 841-856 had 64% identity and 82% similarity over 11 aa to proteins in wheat and broad beans, and epitope peptide aa 919-934 had 60% identity and 80% similarity over 10 aa to kappa casein in cow's milk. Most of the sequence similarities were in the region of overlap EDFLVRSFYL (aa 847-856) with the two succeeding epitope peptides (aa 845-860, 847-856).
Peptide aa 919-934 had 63% identity and Interestingly, four peptides elicited responses in the DR3-DQ2 homozygous control, and one of these four also elicited responses in the DR4-DQ8 homozygous control. Other evidence demonstrates that T cells in normal individuals are capable of reacting to autoantigens (9, (15) (16) (17) . The important inference, however, is that these four epitope peptides (shared sequences VIVM LTPLVE, EDFLVRSFYL) should contain the strongest clues to cross-reactive epitopes, e.g., in environmental agents that could trigger or exacerbate islet autoimmunity.
The contribution of environment to type 1 diabetes can be gauged from the lack of concordance for disease in the majority of identical twins (18) . However, the environmental factors responsible remain enigmatic. Some viruses such as Coxsackievirus (19) and rubella (20) , as well as the rodenticide "Vacor" (21. directlv damaoe pancreatic islet [3-cells and are associated with 1B-cell autoimmunity, but such examples are rare, and evidence for persisting infection of 13-cells is lacking (22) . Infectious agents could also trigger ,B-cell autoimmunity indirectly (re- x > viewed in ref. 23 ), particularly by activating T cells cross-reactive with islet proteins, a mechanism termed molecular mimicry. Molecular mimicry has been proposed between the islet autoantigen glutamic acid decarboxylase 65 (GAD65) (aa 2 57-273) and the P2C protein of Coxsackievirus B4, which share 59% identity and 76% similarity over 17 aa (24) . This peptide from GAD65 elicits T-cell responses in humans with type 1 diabetes (17) and in the nonobese diabetic (NOD) mouse model (25) . Tcell responses to Coxsackie virus B (strain unstated) have been reported in recently diagnosed type 1 diabetes (14) . However, the only reasonably direct evidence for molecular mimicry in type 1 diabetes is the experimental demonstration that infection with lymphocytic choriomeningitis virus (LCMV) triggers immune-mediated /3-cell destruction in mice that transgenically express an LCMV glycoprotein or nucleoprotein in their ,3-cells (26, 27) .
Evidence for a role of viral infection close to diagnosis of type 1 diabetes is the finding that IgM responses to Coxsackievirus (28) and T-cell responses to both Coxsackievirus and adenovirus, but not to the herpesviruses, or to mumps, polio, tick-borne encephalitis virus, or rotavirus (14) , were higher in people at diagnosis than in controls. The dominant IA-2 epitope peptide aa 805-820 has high identity and similarity over 8-11 aa to sequences within several viruses. The nonamer in this peptide predicted to bind to DR4 (11) is in fact VIVMLTPLV. The most likely anchor residues for binding [Table 1 (10, 11) ] are unbolded; the bolded residues are therefore most likely to be T-cell receptor contact residues (TCR-CR) potentially critical for molecular mimicry. The strongest similarity is with the VP7 protein of human rotavirus (serotype 3, strain P, reovirus family). VP7 contains the sequence IIVILSPLL (aa 41-49) with identical TCR-CR; although the anchor residues differ, they are equally effective for DR4 binding (11) . By using HLA-DQ8(*0302) binding peptides curated in the MHCPEP Database (29) to derive a matrix for DQ8 (Honeyman, Brusic, Harrison, manuscript in preparation), two overlapping decamers in the same IA-2 region were also predicted to bind to DQ8 (Table 1) , which is consistent with the high T-cell responses seen to this epitope. The first DQ8 frame, IIVILSPLLN, has 100% similarity to VP7 in its potential TCR-CR. VP7 is one of the two immunogenic proteins that confer serotype specificity and is currently being used by others to develop a rotavirus vaccine.
Jones and Crosby (14) (33) . Nevertheless, proliferative CD4 T-cell responses have been detected in humans within 4 to 6 weeks following rotavirus reinfection (34) . These CD4 T cells were of the CD45RA-negative (memory), a4/37 integrinhigh subset, indicating that gastrointestinal immune responses generate a4/37-positive T-cell memory. An interesting convergence is that GAD-responsive T cells from people with recently diagnosed type 1 diabetes are a4,37 positive (35) and T cells in the early phase of insulitis in NOD mice are /37-integrin high (36) . These data suggest that rotavirus-responsive CD4, /37-positive T cells could migrate selectively to the islets. The similarities of the other viruses with peptide VIVMLTPLVEDGVKQC and with the other IA-2 epitope peptides include anchor resi-dues for DR4(*0401), but the potential TCR-CR are not quite as remarkable as for rotavirus.
IA-2 epitope peptide aa 919-934, as well as being similar to the surface glycoprotein of herpes simplex virus, has 60% identity and 80% similarity over 10 aa that include the predicted DR4-binding nonamer ILIDMVLNR, with bovine kappa casein YIPIQYVLSR (aa [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , although the similarity of the potential TCR-CR is only 40%. While the role of bovine milk proteins as potential aetiologic agents in type 1 diabetes is controversial (37) , T-cell responses to whole casein have been reported in type 1 diabetes (38) . There is also a high similarity of the common sequence EDFLVRSFYL (aa 847-856) of the IA-2 epitope peptides encompassing aa 841-898 with sequences in wheat and broad bean proteins. Peptide aa 841-856 contains a DR4-binding motif WCEDFLVRS (cf. VLNDFLVRS in wheat and beans) and a predicted DQ8 binding motif IWCEDFLVRS (cf. RVLNDFLVRS in wheat and beans). The class II MHC molecule of NOD mice, I-Ag7, is the structural counterpart of human DQ8(*0302), and NOD mice fed casein supplement (L. C. Harrison, unpublished results), wheat flour, and to a lesser extent, soya bean meal (39) , have an accelerated onset of diabetes.
In conclusion, we have identified T-cell epitope peptides in the intracytoplasmic domain of the type 1 diabetes autoantigen, tyrosine phosphatase IA-2, whose sequence analysis suggests that immunity to rotavirus (whose VP7 sequence mimics epitopes in both IA-2 and GAD) and possibly other viruses and dietary proteins could predispose to type 1 diabetes by activating cross-reactive T cells. Further studies are now required to directly test this hypothesis.
